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Abstract. Scanning electron microscopy with orientation analysis by the electron backscatter diffraction (EBSD) method 
is used to study microstructures and textures formed in the 0.08C-13Cr-3Ni-Mo-V-Nb steel through seamless tube 
production route: after hot deformation by extrusion; after quenching from various temperatures and subsequent high 
tempering. It is shown that the martensitic microstructure formed both after hot deformation and after quenching is 
characterized by the presence of deformation crystallographic texture, which is predetermined by the texture of austenite. 
The effect of heat treatment on texture, packet refinement, lath width, precipitation of carbides and Charpy impact energy 
is analyzed. 
INTRODUCTION 
The development of onshore and offshore oil and gas fields, with simultaneous exposure to seawater and carbon 
dioxide, requires high-chromium corrosion-resistant steels, such as "13Cr" and "super-chromium" [1-3]. High 
alloying of these materials provides fine, mainly martensitic microstructure additionally strengthened by carbide 
precipitations and a unique combination of corrosion and mechanical properties resulting from deformation and heat 
treatments [4-7]. This paper studies the peculiarities of the microstructure forming in high-chromium martensitic 
steel through few steps of industrial seamless pipe processing – hot deformation, quenching and tempering at high 
temperature – for better understanding and further optimization of technology. 
RESEARCH METHODS 
Specimens sized 130×70×6 mm were sampled from seamless hot-deformed tubes. This state of the low carbon 
0.08C-13.5Cr-3Ni-Mo-V-Nb steel was used as initial. Hot-deformed (HD) specimens were subjected to heat 
treatments by the following two modes: 1) heating to 950-960 °C, holding for 15 min followed by air cooling for 
martensite formation (quenching, Q), tempering at 620 ± 5 °C for 45 min, QT-960; 2) after the above quenching, 
reheating to 870 ± 5 °C, holding for 15 min followed by air cooling and high tempering, QT-960-870. 
Metallographic sections were prepared in the RD-ND plane (where RD is the direction of hot deformation and ND is 
the direction of the normal to the surface). The microstructure was studied using a ZEISS CrossBeam AURIGA 
scanning microscope with accelerating voltage of 20 kV. To determine the orientation of individual grains and 
analyze the local texture, EBSD HKL Inca with the Oxsford Instruments analysis system was used. The texture was 
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studied using orientation distribution functions (ODF). After the final treatment, the samples were cut along the RD, 
impact bending tests in accordance with GOST 9454-78 were carried out at −60 °C. V-shaped notches were cut 
parallel to the tube surface. Phase thermodynamic equilibria were calculated using the ThermoCalc software. 
RESULTS AND DISCUSSION 
The microstructure of the samples both in HD and QT (Fig. 1) consists mainly of martensitic packets. The size of 
the packets for all cases is comparable to the size of the deformed (elongated parallel to RD) austenite grains 
(Fig. 1, a, b). 
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FIGURE 1. The microstructure of the steel under hot deformation and heat treatment in the form of orientation maps (EBSD):  
a, b – hot deformation; c, d – QT-960 state 62; e, f, g, h – QT-950-870 state; a, c, e – orientation maps from the direction normal 
to the tube surface; b, d, f – orientation from the cross section normal to RD; g – distribution of intercrystalline boundaries;  
h – distribution of CSL boundaries 
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The lath width and the size of martensitic packets notably decrease in the sequence 
HD → QT-960 → QT-960-870 (Fig. 1, a, c, e). Elongated ferrite-phase grains are observed in the samples after HD 
along the boundaries of the initial deformed γ-grains (Fig. 1, a, b). This ferrite can be identified as traces of the high-
temperature delta-phase existing in steel after solidification. The final martensitic microstructure is characterized by 
the presence of well recognizable crystallographic texture consisting of the orientations {001} <110>, {013} <100> 
{011} <110>, {11k} <110>, {110} <110 > (Fig. 3, a, b, e, f) after all treatments. The intensity of individual 
orientations may vary significantly in some areas in all the states studied. However, in general, the spectrum of 
martensitic orientations remains the same. According to [8], the spectrum in these areas corresponds to α-phase 
orientations, resulting from two phase-shear transformations of strained stable-orientation austenite [9, 10] in 
accordance with the orientation ratios between Kurdyumov-Sachs and Nishiyama-Wassermann. The distributions of 
the intercrystalline and special boundaries (Fig. 1, g, h) correspond exactly to the spectra of special orientations 
arising from shear γ → α transformation according to [8]. 
The applied orientational EBSD technique has allowed us to define structurally δ-ferrite in the samples in HD 
(Fig. 1, a, b) and to analyze the texture (Fig. 3, c, d). All the indicated orientations of the ferrite formed at HD, 
namely, {001} <110>, {11k} <110>, are stable deformation orientations of the BCC lattice [9]. It should be noted 
that, taking into account the crystal-geometric characteristics of δ-ferrite (orientation, shape and size of grains), it 
can be considered as a kind of "macrodefect", which needs to be eliminated by heat treatment. The propagation of 
longitudinal cracks will be predetermined in the crystallographic planes {001} of elongated delta-ferrite 
grains [10, 11]. 
 
 
FIGURE 2. The temperature dependence of the phase composition in the studied steel resulting from calculated thermodynamic 
equilibrium 
 
It is important to note that the orientations of martensite after HD and after QT are similar. This assumes 
realization of textural heredity in the material; the main components of the austenite texture are transformed into a 
discrete set of orientations of martensite upon cooling after HD. With subsequent heating, the martensite orientations 
are transformed into austenite texture, which in general coincides with the γ-phase texture in the HD state. 
Quenching of overcooled austenite leads to the formation of martensite with its inherent set of texture components, 
and so on. A similar mechanism of texture evolution during phase transformations [12] assumes that there are some 
factors responsible for heredity in the structure of the material after HD. According to [10, 13], the reasons may be 
special boundaries Σ3 and Σ11 between the deformed austenite grains formed due to hot deformation, the relative 
arrangement of which in the material structure is additionally pinned by precipitates of carbide phases. 
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FIGURE 3. The texture of the steel in the HD (a-d) and QT-960-870 (e, f) states as ODF sections: c,d – sections for Gferrite 
grains; g, h – schematic orientations from the direction perpendicular to the RD-ND plane  
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FIGURE 4. The microstructure of the steel in the heat treated states (image in backscattered electrons): 
a – QT-960; b – QT-960-870 
 
The study of carbide phases (Fig. 4) and the calculations of thermodynamic phase equilibria (Fig. 2) suggest that 
carbide precipitation occurs in two stages. Comparatively large NbC particles (Fig. 4, b) are formed in the HD stage 
on the boundaries of austenite grains, preventing their recrystallization. Fine M23C6-type carbide particles precipitate 
between the martensite lathes during tempering (Fig. 4, a). The second quenching results in the formation of larger 
Mo2(Fe,Cr)21C6 particles at 870 °C predominately on the γ-phase boundaries, thereby reducing the amount of the 
fine carbide phase formed under high-temperature tempering (Fig. 4, b). 
040048-4
It is demonstrated that double quenching and tempering (QT-960-870) leads to higher values of low-temperature 
specific Charpy energy KCV-60 in comparison with QT-960: 99±3 J/cm2 against 87±4 J/cm2, respectively. 
Apparently, this is mainly due to the fine microstructure of the martensitic packets. Despite the lower portion of fine 
carbides in the microstructure after double heat treatment, the strength parameters are similar in both the QT-960 
and QT-960-870 states.  
TABLE 1. Strength parameters  
State Tensile strength, MPa Yield strength, MPa KCV-60, J/cm2 
QT-960 970 863 87 
QT-960-870 958 868 99 
 
CONCLUSION 
 
Thus, the study has shown the possibilities of varying the structure of a high-chromium martensitic steel due to 
the parameters of deformations and thermal treatments for optimizing the production technology or manufacturing 
products with a required combination of mechanical properties. 
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